Introduction
============

Malignant mesothelioma (MM) is an aggressive tumor that develops from the pleura or other mesothelial surfaces and is frequently associated with previous exposure to asbestos. The diagnosis of MM is based primarily on histopathological features, and immunohistochemistry (IHC) is used to provide additional support for the diagnosis of MM. However, MM may be classified as epithelioid, biphasic or sarcomatoid type, and it can therefore be difficult to diagnose as the histological subtypes exhibit different staining patterns ([@b1-ol-0-0-8225]). At present, concerning the development of MM, important mutations have been identified in the genes for cyclin-dependent kinase inhibitor 2A (p16) alternative reading frame, breast cancer-associated protein 1 (*BAP1*), and neurofibromatosis type 2 (*NF2*) ([@b2-ol-0-0-8225],[@b3-ol-0-0-8225]). These genes serve as tumor suppressor genes, and have been demonstrated to be inactivated in patients with MM ([@b2-ol-0-0-8225],[@b3-ol-0-0-8225]). Previous studies suggest that detection of 9p21 homozygous deletion using fluorescence *in situ* hybridization (FISH) and loss of *BAP1* by IHC analysis is useful for diagnosing MM ([@b4-ol-0-0-8225],[@b5-ol-0-0-8225]). However, *NF2*-related FISH and/or IHC analyses for diagnosing MM have not been adequately discussed. The *NF2* gene is on chromosome 22q12, and encodes a tumor suppressor protein, moesin-ezrin-radixin-like protein (Merlin), which is a cytoskeletal linker protein ([@b6-ol-0-0-8225]). Merlin is regulated by extracellular signaling such as that by cluster of differentiation (CD)44 and adherens junctions ([@b2-ol-0-0-8225],[@b6-ol-0-0-8225]). Merlin modulates multiple cellular signal transduction cascades, such as the mechanistic target of rapamycin pathway and the Hippo signaling pathway ([@b2-ol-0-0-8225],[@b3-ol-0-0-8225],[@b6-ol-0-0-8225]). The Hippo signaling pathway regulates organ size, development and differentiation, and tissue regeneration by restricting cell growth, regulating cell division and promoting apoptosis ([@b3-ol-0-0-8225],[@b6-ol-0-0-8225]). The four core components in the Hippo pathway are macrophage-stimulating protein 1/2, Salvador 1, Mps one binder 1 and large tumor suppressor 1/2 (LATS1/2), all of which act as tumor suppressors. Subsequent to receiving upstream signals, for example from Merlin, the transcriptional coactivators yes-associated protein 1 (YAP1) and tafazzin (TAZ) are inactivated. Hippo signaling inactivation leads to constitutive YAP1/TAZ activation. Overexpression of YAP1 and an inactivating mutation of LATS2 have been identified in MM ([@b7-ol-0-0-8225],[@b8-ol-0-0-8225]). The TEA domain family of transcription factors are activated by YAP1/TAZ. The activation of YAP1/TAZ induces the transcription of multiple tumor-promoting genes, including cyclin D1 and connective tissue growth factor (CTGF) ([@b2-ol-0-0-8225],[@b6-ol-0-0-8225]). The expression of CTGF is associated with the abundant extracellular matrix formation of MM tissue, particularly in sarcomatoid MM. Scientists have hypothesized that TAZ, which may be a homolog of YAP1, may have different effects ([@b2-ol-0-0-8225],[@b9-ol-0-0-8225],[@b10-ol-0-0-8225]). TAZ phosphorylation is modulated by PP1A and its interacting protein ASPP2 ([@b10-ol-0-0-8225]). PP1 efficiently dephosphorylates Ser-89 and Ser-311 in TAZ *in vitro*. However, YAP dephosphorylation is not modulated by PP1A in the same way as with TAZ ([@b10-ol-0-0-8225]). Furthermore, TAZ has been demonstrated to be involved in the development of multiple organs, including the lungs and the heart, as well as in numerous cellular processes, including stem cell differentiation, cell proliferation, and epithelial-mesenchymal transition ([@b10-ol-0-0-8225]). These effects have not yet been demonstrated in YAP. In addition, changes in the localization of YAP1 and TAZ via binding angiomotin, ASPP2 and α-catenin have been reported ([@b2-ol-0-0-8225],[@b9-ol-0-0-8225]--[@b12-ol-0-0-8225]).

In the present study, the expression of YAP1 and TAZ were evaluated using IHC. In addition, markers of MM were examined, and it was investigated whether combining the IHC analysis of YAP1 and TAZ may aid in distinguishing MM from reactive mesothelial cells (RMC) in clinical specimens.

Materials and methods
=====================

### Patient samples

The records and specimens of 31 cases of MM (26 pleural and 5 peritoneal), and 33 cases of RMC were collected from the archives of the Department of Pathology and Laboratory Medicine at Showa University School of Medicine (Tokyo, Japan) between April 2004 and March 2014. For MM, 20 patients were diagnosed from surgical specimens, 1 patient from an autopsy specimen and 10 patients from a biopsy specimen. For RMC, all patients were diagnosed from surgical specimens. Included in the present study were 7 women and 24 men with MM, with an age range of 55--89 years (median age, 73 years); and 5 female patients and 28 male patients with RMC with an age range of 15--66 years (median age, 29 years). Formalin-fixed paraffin-embedded (FFPE) tissue blocks were available for all patients. The tumor diagnosis was defined and sub-classified histologically according to the World Health Organization guidelines ([@b13-ol-0-0-8225]). The diagnosis of MM was based on routine hematoxylin-eosin histology and confirmed by IHC using antibodies against calretinin, Wilms tumor 1, D2-40, cytokeratin (CK) AE1/AE3, CK CAM 5.2, carcinoembryonic antigen, thyroid transcription factor 1, and epithelial cell adhesion molecule ([Table I](#tI-ol-0-0-8225){ref-type="table"}). IHC studies were performed using an autoimmunostainer (Histostainer 36; Nichirei Bioscience Inc., Tokyo, Japan). Sections were incubated with 3% H~2~O~2~ solution at room temperature for 5 min to block endogenous peroxidase activity. The primary antibody was added to the sections and the sections were incubated at room temperature for 15 min. Subsequently, the secondary antibody (Histofine SimpleStain MAX-PO MULTI; undiluted; catalogue no. 724152; Nichirei Bioscience Inc.) was added to the sections and the sections were incubated at room temperature for 15 min. The histological subtypes were epithelioid in 18 patients, biphasic in 9 patients, and sarcomatoid (including the desmoplastic type) in 4 patients. Cases of RMC were diagnosed from surgically resected specimens of emphysematous bullae from patients without a history of malignant disease. Representative tissue blocks were selected for IHC analysis. None of the patients with RMC had developed MM at the termination of the present study (April 2016). Appropriate research ethics and review board permissions were obtained from the Department of Pathology and Laboratory Medicine at Showa University School of Medicine (Tokyo, Japan; approval no. 1928). Written, informed consent was obtained from all patients prior to inclusion.

### IHC

Sections (3-µm thickness) were cut from FFPE blocks. Antibody information is shown in [Table I](#tI-ol-0-0-8225){ref-type="table"}. For YAP1, the slides were pretreated for 40 min in a steamer with pH 9 Tris-EDTA buffer, and rabbit monoclonal anti-human YAP1 (dilution, 1:500) was used. For TAZ, rabbit polyclonal anti-human TAZ (dilution, 1:50) was used. IHC studies were performed using an autoimmunostainer (Leica Bond-III; Leica Biosystems, Buffalo Grove, IL, USA). IHC staining was performed using the BOND Polymer Refine Detection system kit (catalogue no. DS9800; Leica Biosystems). Sections were incubated in 3% H~2~O~2~ solution at room temperature for 5 min to block endogenous peroxidase activity. For YAP1, sections were incubated with the primary antibody at 4°C overnight, followed by incubation with the secondary antibody at room temperature for 8 min. For TAZ, sections were incubated with the primary antibody at room temperature for 8 min followed by incubation with the secondary antibody at room temperature for 8 min.

### Evaluation of IHC

IHC results for YAP1 showed negative (0), weak (1+), equal (2+), and stronger (3+) staining in the nucleus compared with that in the cytoplasm. A positive result for YAP1 was identified by equal or stronger staining in the nucleus compared with that in the cytoplasm (score, 2+ or 3+, respectively) ([Fig. 1A-D](#f1-ol-0-0-8225){ref-type="fig"}) ([@b7-ol-0-0-8225]). A positive result for TAZ was identified by strong staining in the cell membrane ([Fig. 2A and B](#f2-ol-0-0-8225){ref-type="fig"}) ([@b14-ol-0-0-8225]). A positive result for TAZ was scored 1+ and no staining was scored as 0. A minimum of 100 cells were evaluated. Staining results were scored as the percentage of stained mesothelial or tumor cells in 5% increments. When \>5% of the mesothelial or tumor cells appeared stained by an antibody, the result was defined as positive. The intensity score was defined as 2+ and 3+ for YAP1, and 1+ for TAZ. The samples were scored based on the total percentage of positive cells (≤5%, score 0; 6--25%, score 1; 26--50%, score 2; 51--75%, score 3; and \>75%, score 4) and intensity of the staining (2+ or 3+ for YAP1, and 1+ for TAZ). The total score represents the positive percentage score multiplied by the intensity score.

### Statistical analysis

Statistical analysis was performed using JMP version 11 (SAS Institute Inc., Cary, NC, USA). The χ^2^ test and Fisher\'s exact probability test (two-tailed) were used to compare pathological features between the MM group and the RMC group. For all analyses, P\<0.05 was considered to indicate a statistically significant difference.

Receiver operating characteristic (ROC) curves were used to determine the association between the sensitivity and specificity of each antibody, and to find the optimal diagnostic cutoff values. The area under the ROC curve (AUC) was calculated and compared between each antibody.

Test characteristics were calculated for the individual markers and for certain markers in combination. Sensitivity \[(true positives)/(true positives+false negatives)\] and specificity \[(true negatives)/(false positives+true negatives)\] were determined, and their associated 95% confidence intervals (95% CIs) were calculated by the following formula (n which '*s*' is the sensitivity or specificity and '*n*' is the total number of cases evaluated): *s* ± 1.96 × √\[*s* × (\[1-*s*\]/*n*)\].

Results
=======

### YAP1 and TAZ expression

Scores for the IHC analysis of YAP1 and TAZ were obtained for all patients. The results of IHC for MM and RMC are summarized in [Table II](#tII-ol-0-0-8225){ref-type="table"}.

A YAP1-positive result was determined for 27 (87%) of 31 patients with MM, and 15 (45%) of 33 patients with RMC; this difference between MM and RMC was statistically significant (P=0.0006; [Fig. 3A](#f3-ol-0-0-8225){ref-type="fig"}). The mean total score was 9 in MM (range, 0--12), and 3 in RMC (range, 0--12).

A TAZ-positive result occurred in 28 (90%) of 31 patients with MM, and 18 (55%) of 33 patients with RMC (P=0.0020; [Fig. 3B](#f3-ol-0-0-8225){ref-type="fig"}). The mean total score was 4 in MM, and 2 in RMC, with total scores ranging from 0 to 4 in both groups.

### Diagnostic utility of YAP1 and TAZ IHC analysis

ROC curves were constructed for YAP1 and TAZ to assess the ability of each marker to distinguish between MM and RMC. The AUC for YAP1 was 0.81, while the AUC for TAZ was 0.77. When the cutoff points for MM diagnosis were set at scores of ≥6 for YAP1 and ≥3 for TAZ (the optimal cutoff points determined by the ROC curve), the sensitivity and specificity values for these markers alone to distinguish MM from RMC were 84 and 79% for YAP1, and 87 and 61% for TAZ, respectively ([Table III](#tIII-ol-0-0-8225){ref-type="table"}). These sensitivity and specificity values suggested that YAP1 or TAZ alone may not be useful for distinguishing MM from RMC in clinical practice. However, when considering the combination of YAP1 and TAZ using the same cutoff points, the sensitivity and specificity values were 74 and 94% for distinguishing MM from RMC ([Table III](#tIII-ol-0-0-8225){ref-type="table"}). Thus, the combination of YAP1 and TAZ analysis by IHC may be useful in MM diagnosis.

The positive staining rates for YAP1 and TAZ in epithelioid, biphasic and sarcomatoid MM are presented in [Fig. 4](#f4-ol-0-0-8225){ref-type="fig"}. The expression of YAP1 was significantly lower in sarcomatoid compared with the epithelioid and biphasic types (P=0.0003).

Discussion
==========

Malignant mesothelioma is an aggressive tumor and the number of patients with MM is expected to increase worldwide in the future ([@b4-ol-0-0-8225]). Accurate and early pathological diagnosis of MM may improve patient outcomes, as patients with early MM may be eligible for multimodal therapy, including surgery. Therefore, IHC analysis is important, and several biomarkers have been evaluated for their utility in diagnosing MM. Sheffield *et al* ([@b5-ol-0-0-8225]) and Minato *et al* ([@b1-ol-0-0-8225]) identified numerous markers detectable by IHC and FISH for the diagnosis of MM. In previous studies, p16 homozygous deletion and loss of *BAP1* were not detected by FISH and IHC, respectively, in benign mesothelial proliferations; this result suggests that the identification of p16 homozygous deletion by FISH and loss of *BAP1* by IHC may be useful for distinguishing benign tumors from malignant tumors ([@b4-ol-0-0-8225],[@b5-ol-0-0-8225],[@b15-ol-0-0-8225],[@b16-ol-0-0-8225]). However, despite the high specificity of p16 homozygous deletion and loss of *BAP1*, their sensitivity was low.

Asbestos-exposed *NF2* knockout mice exhibit accelerated MM tumor formation; therefore, it is possible that the inactivation of *NF2* is important in the development of MM ([@b2-ol-0-0-8225],[@b17-ol-0-0-8225]). The Hippo pathway, which is induced by *NF2*, exhibits cross-talk with important pathways, including the transforming growth factor β/bone morphogenetic protein pathway and Wnt pathway, for the development and progression of malignant tumors ([@b2-ol-0-0-8225],[@b11-ol-0-0-8225],[@b18-ol-0-0-8225]). The Hippo pathway regulates YAP1/TAZ. In addition, cell junction proteins, mechanical stretch and certain tumor-development pathways also regulate YAP1/TAZ via interaction with various transcriptional factors. In addition, TAZ is associated with the differentiation of mesenchymal cells; the expression of TAZ is increased following epithelial-mesenchymal transition ([@b19-ol-0-0-8225]). Staining of TAZ in the cell membrane occurred in a high proportion of MM cells, including those of sarcomatoid-type MM in the present study. The intracellular localization of TAZ may differ between epithelial and mesothelial cells ([@b10-ol-0-0-8225],[@b12-ol-0-0-8225],[@b19-ol-0-0-8225]). An alternative hypothesis is that the difference in staining sites of YAP1 and TAZ may be caused by the difference in the clone used ([@b14-ol-0-0-8225],[@b20-ol-0-0-8225],[@b21-ol-0-0-8225]). For the IHC of YAP1 and TAZ, a standard antibody clone has not yet been determined. The clone used may affect the site and intensity of staining.

In a previous investigation of the different histological subtypes of MM, the expression of U3 small nucleolar ribonucleoprotein and glucose transporter 1 tended to be higher in sarcomatoid MM ([@b1-ol-0-0-8225]). In addition, Takeda *et al* ([@b4-ol-0-0-8225]) and Illei *et al* ([@b22-ol-0-0-8225]) suggested that p16 homozygous deletion, detected by FISH, was more common in sarcomatoid MM compared with epithelioid MM. However, the loss of *BAP1* was more common in epithelioid MM compared with sarcomatoid MM ([@b23-ol-0-0-8225],[@b24-ol-0-0-8225]). The current study confirmed that the expression of YAP1 was higher in epithelioid and biphasic MM compared with sarcomatoid MM. However, the expression of TAZ was higher in sarcomatoid MM compared with YAP1. These results support the hypothesis that YAP1 and TAZ have different roles. Additionally, *NF2* gene mutations are involved in an alternative pathway that differ from p16 and *BAP1*, thus these markers may aid in distinguishing MM from RMC.

For the first time, the present study demonstrated the expression of YAP1 and TAZ in MM and RMC using IHC, and examined them as potential markers of MM in clinical specimens. Notably, YAP1 and TAZ were found to be significantly more highly expressed in MM compared with RMC. In addition, the combination of YAP1 and TAZ staining was determined to have a sensitivity and specificity of 74 and 94%, respectively, indicating that these markers combined may be helpful for distinguishing MM from RMC.

In summary, the present study confirmed that YAP1 and TAZ were more highly expressed in MM compared with RMC. These markers may helpful for distinguishing MM from RMC. Additional studies on a larger cohort of patients with MM are required to evaluate the utility and efficiency of this diagnostic approach.
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![Representative images of immunohistochemical analysis results for YAP1 (magnification, ×400). (A) Negative YAP1 staining (score, 0). (B) Weaker nuclear staining compared with that in the cytoplasm (score, 1+). (C) Nuclear staining equivalent compared with that in the cytoplasm (score, 2+). (D) Stronger nuclear staining compared with that in the cytoplasm (score, 3+). Scores of 2+ or 3+ were considered to indicate YAP1-positive staining. YAP1, yes-associated protein 1.](ol-15-05-6825-g00){#f1-ol-0-0-8225}

![Representative images of immunohistochemical analysis results for TAZ (×400). (A) Strong staining in the cell membrane was considered a TAZ-positive result. (B) Nonmembranous staining was disregarded. TAZ, tafazzin.](ol-15-05-6825-g01){#f2-ol-0-0-8225}

![Statistical analysis of MM vs. RMC with regard to (A) yes-associated protein 1 and (B) tafazzin staining. MM, malignant mesothelioma; RMC, reactive mesothelial cells.](ol-15-05-6825-g02){#f3-ol-0-0-8225}

![Expression of YAP1 and TAZ according to subtypes of malignant mesothelioma. Expression of YAP1 was significantly lower in sarcomatoid compared with epithelioid and biphasic types (P=0.0003). YAP1, yes-associated protein 1; TAZ, tafazzin.](ol-15-05-6825-g03){#f4-ol-0-0-8225}

###### 

Profiles of the antibodies used for immunohistochemical staining.

  Antibody          Clone        Catalogue no.   Source                                                                                    Host     Dilution   Pretreatment   Antigen retrieval solution pH   Staining site
  ----------------- ------------ --------------- ----------------------------------------------------------------------------------------- -------- ---------- -------------- ------------------------------- --------------------------
  Anti-calretinin   SP13         413561          Nichirei Biosciences Inc.^[a](#tfn1-ol-0-0-8225){ref-type="table-fn"}^                    Rabbit   1/100      Heat           7                               Nucleus, cytoplasm
  Anti-WT1          6F-H2        413861          Nichirei Biosciences Inc.^[a](#tfn1-ol-0-0-8225){ref-type="table-fn"}^                    Mouse    RTU        Heat           9                               Nucleus
  Anti-D2-40        D2-40        413451          Nichirei Biosciences Inc.^[a](#tfn1-ol-0-0-8225){ref-type="table-fn"}^                    Mouse    RTU        Heat           7                               Cell membrane
  Anti-CEA          COL1         413121          Nichirei Biosciences Inc.^[a](#tfn1-ol-0-0-8225){ref-type="table-fn"}^                    Mouse    RTU        Heat           7                               Cell membrane, cytoplasm
  Anti-TTF-1        8G7G3/1      M3575           Dako; Agilent Technologies, Inc.^[b](#tfn2-ol-0-0-8225){ref-type="table-fn"}^             Mouse    1/50       Heat           9                               Nucleus
  Anti-EpCAM        Ber-EP4      M0804           Dako; Agilent Technologies, Inc.^[b](#tfn2-ol-0-0-8225){ref-type="table-fn"}^             Mouse    1/100      Heat           7                               Cell membrane
  Anti-Pan CK       AE1/AE3      NCL-L-AE1/AE3   Novocastra; Leica Biosystems Nussloch GmbH^[c](#tfn3-ol-0-0-8225){ref-type="table-fn"}^   Mouse    1/100      Heat           7                               Cytoplasm
  Anti-CK CAM 5.2   CAM 5.2      349205          BD Biosciences^[d](#tfn4-ol-0-0-8225){ref-type="table-fn"}^                               Mouse    RTU        Heat           9                               Cytoplasm
  Anti-YAP1         EP1674Y      Ab52771         Abcam^[e](#tfn5-ol-0-0-8225){ref-type="table-fn"}^                                        Rabbit   1/500      Heat           9                               Nucleus
  Anti-TAZ          Polyclonal   Ab93362         Abcam^[e](#tfn5-ol-0-0-8225){ref-type="table-fn"}^                                        Rabbit   1/50       Heat           9                               Cell membrane

Tokyo, Japan

Santa Clara, CA, USA

Wetzlar, Germany

Franklin Lakes, NJ, USA

Cambridge, UK. WT1, Wilms tumor 1 protein; CEA, carcinoembryonic antigen; TTF-1, thyroid transcription factor 1; EpCAM, epithelial cell adhesion molecule; CK, cytokeratin; YAP1, yes-associated protein 1; TAZ, tafazzin; RTU, ready-to-use.

###### 

Results of the immunohistochemical analysis of YAP1 and TAZ in MM cells and RMCs.

  Type   Total patients, n   YAP1-positive patients, n (%)   TAZ-positive patients, n (%)
  ------ ------------------- ------------------------------- ------------------------------
  MM     31                  27 (87)                         28 (90)
  RMC    33                  15 (45)                         18 (55)

YAP1, yes-associated protein 1; TAZ, tafazzin; MM, malignant mesothelioma; RMC, reactive mesothelial cell.

###### 

Sensitivity and specificity of immunohistochemical analysis of YAP1, TAZ, and the combination of YAP1 and TAZ for the differential diagnosis of MM from RMC when the cutoff points were set at 6 for YAP1 and at 3 for TAZ.

  Parameter                 YAP1          TAZ           YAP1 and TAZ
  ------------------------- ------------- ------------- ----------------
  MM, n/total               26/31         27/31         23/31
  RMC, n/total                7/33        13/33           2/33
  Sensitivity, % (95% CI)   84 (71--97)   87 (75--99)   74 (59--89)
  Specificity, % (95% CI)   79 (65--93)   61 (44--78)     94 (86--100)

YAP1, yes-associated protein 1; TAZ, tafazzin; MM, malignant mesothelioma; RMC, reactive mesothelial cells; CI, confidence interval.
